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ABSTRACT

Poly(6-[4-methoxy-(4'-oxy)- a-methylstilbene]hexyl metha-

crylate) (4-6-PMA) with different molecular weights and

molecular weight distributions was synthesized by group

transfer and radical polymerization of the corresponding

monomer. The phase behavior of liquid crystalline 4-6-PMA

with varying molecular weights was compared to that of its

monomeric and dimeric model compounds. The number and nature

(i.e., virtual, monotropic or enantiotropic) of phase

transitions was determined by a combination of thermodynamic

and kinetic factors. Since the rate of formation of highly

ordered phases (crystalline and smectic) decreases with

increasing polymer molecular weight, the number and nature of

the liquid crystalline phases exhibited by 4-6-PMA varies with

increasing molecular weight according to the following trend:

monotropic nematic, enantiotropic nematic and enantiotropic

smectic, enantiotropic nematic and monotropic smectic,

enantiotropic nematic. Phase transition temperatures increase

up to a degree of polymerization of about ten to twelve, and

are thereafter essentially molecular weight independent. The

rate by which the number of transitions decreases also

decreases with increasing polymer molecular weight. However,

the enthalpy change associated with the nematic-isotropic

transition is molecular weight independent.
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INTRODUCTION

Why should there be a new investigation concerning the

influence of polymer molecular weight on the phase behavior of

side. chain liquid crystalline polymers when there are already

several such experiments available in the literature? 1- 7 The

simple reason is that even a recent review article's 8 attempt

to discuss this relationship could not answer a number of

straight forward questions, and at the same time, raised a

series of additional questions.

So far, there is general agreement that an increase of

the polymer molecular weight increases mesomorphic-mesomorphic

and mesomorphic-isotropic phase transition temperatures up to

a certain degree of polymerization, above which they become

molecular weib.t independent. I- 8  However, there is

disagreement concerning the exact degree of polymerization

above which phase transitions are molecular weight

independent. While most of the authors claim that the

3-5,7required degree of polymerization is about 10-12, results

from two research groups consider that it is as high as a few

hundred.1,2,6 Most of the authors claim that the type of

mesophase exhibited by a certain polymer is molecular weight

independent; - 5 '7  however, a recent publication demonstrates
6

that it too is molecular weight dependent. The dependence

of phase transitions on molecular weight led to the conception

of the "polymer effect," which assumes that the polymer

backbone enhances the tendency of side groups to form

mesophases, enlarges the thermal stability of the mesophase,
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transforms monotropic mesophases into enantiotropic ones and

gives rise to higher ordered mesophases.

The most contradictory issue concerns the influence of

molecular weight on the enthalpy changes of mesomorphic phase

transitions. Most publications do not report data on this

dependence. While one publication reports that this enthalpy

change is strongly molecular weight dependent up to degrees of

polymerization as high as 400,1 another claims molecular

weight independence up to degrees of polymerization of 40 with

an increase above that.3 Some recent data on side chain liquid

crystalline polysiloxanes showed that within experimental

error, enthalpy changes associated with mesomorphic

transitions are molecular weight independent.7 This data

agrees with Finkelmann et al.'s unpublished results on another

series of polysiloxanes. 9  However, polysiloxanes are not the

most suitable polymers for this experiment since their

mesogenic groups are introduced through polymer homologous

reactions which are usually not quantitative; the results are

therefore susceptible to compositional errors.8

In order to help elucidate these unsolved problems, we

chose to investigate the influence of molecular weight on the

phase transitions and thermodynamic parameters of poly(6-[ 4 -

methoxy-(4'-oxy)-ci-methylstilbene]hexyl methacrylate) (4-6-MA)

and compare these values to those of its monomeric and dimeric

model compounds.

EXPERIMENTAL

Materials
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Isobutyric acid (99%), 2,4 -dimethylglutaric acid (98%,

mixture of DL and meso) and tris(dimethylamino)sulfonium

difluorotrimethyl siliconate (TASF) (tech.) were used as

received from Aldrich. Methyl trimethylsilyl dimethylketene

acetal (MTDA) (95%, Aldrich) was freshly distilled from CaH 2

before use. 2,2'-Azoisobutyronitrile (AIBN) (Fluka) was

freshly recrystallized from methanol below 400 C. Benzene used

as a polymerization solvent was first washed with concentrated

sulfuric acid and then water, dried over anhydrous CaCl2,

refluxed over CaH 2 and then distilled. Tetrahydrofuran (THF)

used as a polymerization solvent was refluxed over and then

freshly distilled from LiAlH 4 before each use.

Techniques

200 MHz 1H-NMR spectra were recorded on a Varian XL-200

spectrometer. All spectra were recorded in CDCI 3 with TMS as

internal standard.

A Perkin-Elmer DSC-4 differential scanning calorimeter,

equipped with a TADS 3600 data station, was used to determine

the thermal transitions which were read as the maximum of the

endothermic or exothermic peaks. Unless specified otherwise,

all heating and cooling rates were 200 C/min. Glass transition

temperatures (Tg) were read as the middle of the change in the

heat capacity. Most thermal transitions were read from second

or later heating scans, and first or later cooling scans.

Second and subsequent heating scans and first and subsequent

cooling scans were perfectly reproducible unless stated

otherwise. When the second DSC heating scan differed from the
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first heating scan, the difference will be mentioned and

attempts will be made to explain it. Both enthalpy changes

and transition temperatures were determined using indium as a

calibration standard. Thermal transition temperatures, their

corresponding enthalpy changes, the width of the thermal

transition peaks and the glass transition temperatures

reported in Table I are all average values obtained from four

to six different sample pans containing approximately 10 mg of

polymer. After the first heating scan, each sample was

scanned two additional times collecting data from each scan.

Therefore, the results tabulated in Table I, including those

collected from the first scan, represent the average of four

to six data points. The standard deviation of this data is

+0.6 0 C for the thermal transitions, +0.023 kcal/mol for the

enthalpy changes and +2.6 0 C for the width of the thermal

transition peaks. However, all the data presented in Table I

was rounded off at the last numeral.

A Carl-Zeiss optical polarized microscope (magnification

lOOx) equipped with a Mettler FP 82 hot stage and a Mettler FP

800 central processor was used to observe the thermal

transitions and to analyze the anisotropic textures.
10' 1 1

Molecular weights were determined by gel permeation

chromatography (GPC) with a Perkin-Elmer Series 10 LC

instrument equipped with an LC-100 column oven, an LC-600

autosampler, and a Sigma 15 data station. High pressure

liquid chromatography (HPLC) purity deLciminations were

performed with the same instrument. The measurements were
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made using a UV detector, THF as solvent (I ml/min; 400 C), a

set of PL gel columns of 102, 5x1O 2 , 103, 10 and 10 A, and a

calibration plot constructed from polystyrene standards.

Synthesis of Monomers, Model Compounds and Polymers

4-Methoxy-4'-(6-hydroxyhexanyl-l-oxy)- o-methylstilbene) (4-6-
OH) and 6-[4-Methoxy-(4'-oxy)- oL_-methylstilbenelhexvl
methacrylate (4-6-MA)

Both compounds were synthesized as described in a

previous publication from our laboratory. 1 2  4-6-MA to be

polymerized radically was purified by recrystallization from

methanol. In order to remove protonic impurities from 4-6-MA

used in group transfer polymerizations, the methanol

recrystallized monomer was passed through a silica gel column

(CH2 Cl 2  as eluent), the solvent removed, and finally

recrystallized from a 9/1 (vol/vol) mixture of cyclohexane and

benzene. Monomer purity was always higher than 99.0% (HPLC);

mp 530 C (DSC, 20°C/min).

Tris(dimethylamino)sulfonium Bifluoride (TASHF2,

TASHF 2 was synthesized as reported in the literature.
13

6-(4-Methoxy-(4'-oxy)-a-methvlstilbene hexy1 Isobutyrate (M)

Its synthesis is outlined in Scheme 1. In a 250 ml round

bottom flask equipped with a Dean-Stark trap and a nitrogen

inlet-outlet was placed 1.0g 4-6-OH (2.9 mmol), 0. 26 g

isobutyric acid (2.9 mmol), a trace of p-toluenesulfonic acid

and 100 ml toluene. The reaction mixture was refluxed under

nitrogen until no more dehydration water was collected in the

Dean-Stark trap (about 4 hrs). The reaction flask was cooled
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to room temperature and toluene was then removed on a rotary

evaporator. The resulting solid was dried, recrystallized

twice from methanol and finally purified by column

chromatography (silica gel; CH 2C1 2 as eluent) to yield 0.61g

(51%) white crystals; purity >99% (HPLC); mp 500 C (DSC,

200 C/min). IH-NMR (CDC1 3, TMS, 6, ppm): 1.83 [m, -(CH 2 )4 -,

8 protons), 2.26 (s, CH 3 -C=, 3 protons), 2.57 (m, (CH 3 )2CH-, 1

proton), 3.86 (s, CH 30-, 3 protons), 4.0 (t, -CH20Ph, 2

protons), 4.11 (t, -CH 20OC-, 2 protons), 6.71 (s, PhCH=, 1

proton), 6.91 (d of d, 2 aromatic protons ortho to methoxy and

2 aromatic protons meta to methyleneoxy), 7.29 (d, 2 aromatic

protons meta to methoxy), 7.46 (d, 2 aromatic protons meta to

methyleneoxy).

Bis(6-[4-methoxy-(4'-oxy)- a -methylstilbenelhexyl) 2,4-

dimethyIglutarate (D)

Scheme 1 outlines the synthesis of D. In a 50 ml round

bottom flask equipped with a condenser and nitrogen inlet-

outlet was placed 0. 4 3g 2,4-dimethylglutaric acid (2.7 mmol)

and 0.19 ml thionyl chloride (2.7 mmol). The reaction mixture

was stirred at 60 0 C under nitrogen for 1.5 hr, during which

time all the acid dissolved. The resulting acid chloride was

added dropwise to a stirred solution containing 2 .Og 4-6-OH

(5.9 mmol) and 0.82 ml triethylamine (5.9 mmol) in 100 ml dry

THF, maintaining the temperature at 00 C. After the addition,

the reaction mixture was left stirring overnight at room

temperature. The precipitated Et 3 N-HCI was filtered and the

solvent removed on a rotary evaporator. The resulting solid



was washed with an aqueous solution of NaHCO 3, then water, and

filtered, dried and recrystallized twice from methanol. The

product was further purified by column chromatography (silica

gel, CH 2 C1 2  eluent) to yield 0.72g (33%) white crystals;

purity >99% (HPLC); mp 870C (DSC, 20°C/min). 1H-NMR (CDCI3,

TMS, 6, ppm): 1.17 and 1.20 (d of d, 2 CH 3- 6 protons),

1.49-1.83 (m, 2 C-(CH 2 )4 -C and C-CH 2-C, 18 protons), 2.26 (s,

2 CH 3 -C=, 6 protons), 4.00 (t, 2 -CH 20Ph, 4 protons), 4.11 (t,

2 -CH 20OC, 4 protons), 6.71 (s, 2 PhCH=, 2 protons), 6.91 (d,

4 aromatic protons ortho to methoxy and 4 aromatic protons

meta to methoxy), 7.46 (d, 4 aromatic protons meta to

methyleneoxy).

Radical Polymerization of 4-6-MA

Poly(4-6-MA) of different molecular weights was prepared

by radical polymerization of 4-6-MA (Scheme 1) in dry benzene

or THF using AIBN as initiator at 600C for 20 hr.

Polymerizations were carried out in Schlenk tubes under an

argon atmosphere after the monomer solutions were degassed by

several freeze-pump-thaw cycles under vacuum. The monomer and

initiator concentrations are reported in Table I. After

polymerization, the reaction mixture was diluted with more of

the same solvent and precipitated into methanol. The filtered

polymers were dried under vacuum and then purified by

successive reprecipitations from THF into acetone/methanol

mixtures and methanol, until GPC chromatograms showed no

traces of unreacted monomer or oligomers. The conversions and
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molecular weights of the purifiel polymers are presented in

Table I together with their thermal characterization.

Group Transfer Polymerization of 4-6-MA

Group transfer polymerizations of 4-6-MA were performed

in Schlenk tubes under an argon atmosphere at room temperature

for 2 hr. After the solid monomer was dried further in a

Schlenk tube under vacuum overnight, the polymerization tube

was filled with argon, and freshly distilled THF was added.

The required amount of MTDA was added to the polymerization

solution with a microsyringe followed by a small trace of

solid TASHF 2. After 2 hr, the reaction was diluted with THF

and precipitated in methanol. The resulting polymers were

purified as in the radical polymerizations. Table I

summarizes the polymerization conditions, conversions and

characterization of the purified polymers.

RESULTS AND DISCUSSION

Poly(4-6-MA) (4-6-PMA) with different molecular weights

and molecular weight distributions was synthesized by both

group transfer and radical polymerizations (Table I).

Although some prior publications used group transfer

polymerization to synthesize side chain liquid crystalline

polymers, they did not report satisfactory control over the

resulting polymer molecular weights.
14 ,15

Before discussing the current results on the influence of

molecular weight on polymer phase transitions, it is necessary

to summarize some of our results 1 2 '1 6 - 18 and others 14
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concerning the influence of the nature of the polymer backbone

on the phase transitions of side chain liquid crystalline

polymers. These results are in agreement and are based on the

assumption that the flexible spacer provides only a partial

decoupling of the motions of the main chain from that of the

side groups and that this decoupling increases with increasing

flexible spacer length. 19 - 2 4  The nature of the highest

temperature mesophase is determined by the spacer length and

is independent of the nature of the polymer backbone.

However, for identical spacer length, the nature of the

polymer backbone dictates the degree of decoupling and

therefore the thermal stability of the mesophase, the number

of mesomorphic phases preceeding it, and the ease of iide

chain crystallization. Flexible backbones tend to give r-se

to more thermally stable mesophases and simultaneously to -n

increased ease of side chain crystallization. Therefore, th23

effect occasionally leads to the transformation of entiotropic

mesophases into monotropic mesophases in going from a rigid to

a flexible backbone. Alternatively, in going from a flexible

to a rigid backbone, the tendency towards side chain

crystallization decreases, which may lead to the

transformation of virtual mesophases into monotropic or even

enantiotropic mesophases. These conclusions are however only

valid for polymer molecular weights which are high enough for

their phase transitions to be molecular weight independent.

The flexibility and therefore the conformational mobility

of a polymer backbone are molecular weight dependent,



particularly within the range of low molecular weights.

Therefore, we may speculate that the phase transitions of a

certain polymer should be affected in the same manner by

different molecular weights as by different polymer backbone

flexibilities.

In order to at least semi-quantify this dependence, we

must follow the thermal behavior of the model compounds of 4-

6-PMA monomeric (M) and dimeric (D) structural units (Schemes

1 and 2) and of several representative 4-6-PMA molecular

weights by comparing their DSC scans.

The first heating and cooling DSC scans of the monomeric

and dimeric model compounds are presented in Figure 1. Both

compounds present a monotropic nematic mesophase. As

expected, by increasing the oligomer molecular weight from

monomer to dimer, melting, crystallization and nematic-

isotropic transition temperatures increase. Both M and D

display only monotropic nematic mesophases independent of

their thermal history. Figures 2A and 2C present the first

heating and cooling scans respectively of the 4-6-PMA trimer

of very narrow molecular weight distribution (Table I) in

which a nematic and a smectic monotropic mesophase are

observed. Because the nematic-smectic transition observed on

cooling is located near the glass transition temperature

(Figure 2C), smectic phase formation can not be completed

during the cooling process, and an exotherm appears just

before the smectic-nematic transition at 17 0 C in the next

heating scan (Figure 2B). This exotherm is due to the
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continued transformation of the nematic mesophase into the

smectic mesophase. Therefore, upon cooling this polymer below

its glass transition temperature, a biphase consisting of an

immiscible mixture of smectic and nematic mesophases is

frozen.

The nematic-isotropic transition takes place at 490 C. As

seen from the second heating and cooling DSC scans of the 4-6-

PMA trimer, both the smectic and nematic mesophases are

enantiotropic. However, annealing for a short time within the

smectic or nematic mesophase induces very fast

crystallization. The first heating scan after crystallization

is similar to the first heating scan of Figure 2A. Therefore,

both the nematic and smectic mesophases displayed by 4-6-PMA

are metastable, and are only monotropic under equilibrium

conditions. It is interesting to observe that the melting

temperature of 4-6-PMA trimer is lower than that of the

monomer and dimer model compounds. This is not unexpected

since the structure of the trimer obtained by group transfer

polymerization has different chain ends than those of the

monomer and dimer model compounds shown in Scheme 1.

The main conclusion derived from analysis of these three

compounds is that increasing the degree of polymerization from

one to two to three, raises both the melting and nematic-

isotropic transition temperatures. However, crystalline phase

transitions are kinetically controlled while liquid

crystalline phase transitions are mainly thermodynamically

controlled. Therefore, although an increase in the
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polymerization degree gives rise to increasing melting

transition temperatures, it also decreases the rate of

crystallization. Due to this kinetic effect, when the polymer

is scanned on both heating and cooling at 20°C/min,

crystallization is depressed so much that it does not appear

at temperatures above the oligomer's glass transition

temperature. As a consequence, a smectic mesophase which

should be only a virtual mesophase in the case of the monomer

and dimer model compounds, is observed with this trimer

(Figure 2B, C).

This trend is even clearer if we investigate the first

heating and cooling and second heating DSC scans of 4-6-PMA

with gn=2270 (Figure 2D, E, F). In the first heating scan,

the polymer displays a crystalline melting transition at 690 C,

followed by a nematic mesophase which undergoes isotropization

at 830 C. The cooling scan (Figure 2F) displays a nematic and

a smectic mesophase. Therefore, this polymer displays an

enantiotropic nematic mesophase and a monotropic smectic

mesophase. However, comparison of the second heating scan

(Figure 2E) and any cooling scan demonstrates that this

polymer exhibits both nematic and smectic enantiotropic

mesophases. Again, annealing below the melting point observed

in the first heating scan induces polymer crystallization. As

a consequence of the higher polymer molecular weight, the

crystallization process is even slower than that of the 4-6-

PMA trimer. Consequently, under these quasi-equilibrium

conditions and as derived from the first scan, (ie., after
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annealing at room temperature for about 60 days), this polymer

presents an enantiotropic nematic mesophase and a montropic

smectic mesophase.

The DSC scans of two additional representative polymer

molecular weights are presented in Figure 3. 4-6-PMA with

Mn=3600 does not exhibit a crystalline melting in the first

scan even after lengthy annealing at room temperature. The

second DSC heating scan exhibits a glass transition followed

by a smectic mesophase which changes into a nematic mesophase

at 390 C. This nematic mesophase undergoes isotropization at

980 C (Figure 3A). Upon annealing at room temperature and

cooling below Tg, the subsequent heating scan (Figure 2B)

shows a slight change in the temperatures of the smectic-

nematic and nematic-isotropic transitions, with additional

differences in their enthalpy changes. The major difference is

an increase in the enthalpy change of the smectic-nematic

transition after annealing (Table I). This is due to the fact

that the polymer with this molecular weight does not show a

nematic-smectic transition upon cooling, or at least does not

have a large enough enthalpy change to be observed (Figure

2C). Therefore, most of the nematic-smectic transition takes

place upon heating above Tg during the heating scan. In

conclusion, 4-6-PMA with Mn-3600 exhibits an enantiotropic

nematic mesophase and a monotropic smectic mesophase.

However, we should consider that annealing under the most

suitable thermal conditions might induce the side chain

crystallization of this polymer. It is however certain that
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this additional increase of the polymer molecular weight

kinetically affects not only the crystallization process, but

also the formation of the smectic mesophase.

This kinetic consequence is further illustrated by the

mesomorphic behavior of polymers with higher molecular

weights. The second heating and cooling DSC scans of 4-6-PMA

with Frn=27100 are presented in Figure 3D and E. Only an

enantiotropic nematic mesophase is observed. The first heating

scan is identical to any subsequent heating scan. This is

again a kinetic effect. Attainment of an equilibrium

situation which would lead to a crystalline polymer would

require careful annealing under suitable kinetic conditions,

which may involve extended periods of time.

The phase transitions of the entire range of 4-6-PMA

molecular weights are summarized in Table I and plotted in

Figures 4 and 5. Glass transition temperatures, smectic-

nematic, nematic-isotropic and melting transition temperatures

all increase with increasing degrees of polymerization (DP) up

to DP approximately equal to 12 (Figure 4); the same is true

for the reverse transitions observed on cooling (Figure 5).

This is a well known trend obeyed by any oligomer.2 5  The

increase of mesomorphic phase transition temperatures with

increasing degrees of polymerization has been theoretically
4

explained by Finkelmann et al. The 4-6-PMA molecular weights

were determined by GPC calibrated with polystyrene standards

and are therefore only relative. Nevertheless, the degree of

polymerization of this plateou agrees with that obtained by
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several authors, 3- 5 '7 although it disagrees with that

determined to be a few hundred,1,2,6 which is unexpectedly

high.
2 5

At this point, we can assume that the influence of

polymer molecular weight on phase transitions should be

considered from both thermodynamic and kinetic viewpoints.

The decrease in specific volume at the phase transformation

with increasing polymerization degrees raises the phase

transition temperatures. 4  This is a thermodynamic trend.

However, the rate of formation of each phase decreases with

increasing polymerization degrees. This is a kinetic effect.

The kinetic influence decreases as the order of the phase

under consideration decreases. That is, it decreases in the

order of crystalline, smectic, nematic. The rate of

crystalline phase formation is affected most, and the rate of

nematic and glassy phase formations is affected least. This

behavior easily explains the trend observed in Figures 4 and

5. The rate of crystalline phase formation is very slow above

a certain molecular weight, and therefore a crystalline phase

may not form at all during the time scale of our experinents.

Due to its close proximity to the glass transition

temperature, the smectic mesophase does not form above a

number average molecular weight of 11630. This molecular

weight should be and is higher than tidL at wnich the

crystalline phase disappears (Table I, Figure 4). If this

smectic phase was further separated from Tg, we speculate

that it would have been observed even at very high molecular
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weights. Alternatively and as we have previously shown, when

the polymer backbone is very flexible (eg. polysiloxane

backbone) there is no influence of different molecular weights

on the number of mesophases observed even when a mesophase is

located near Tg. 7 This data agrees with that of Finkelmann et

al.
4

We can now make one qualitative comment on the influence

of polymer polydispersity on phase transitions. Table I and

Figure 4 present thermal transitions for 4-6-PMA with Mn=11630

(CRw/Mn=l.36) and gn=12580 (Yw/h=1.98). For this range of

molecular weights, there is no significant difference between

the phase transition temperatures of the polymers with broad

versus narrow polydispersity.

Consequently, the generally understood meaning of the

"polymer effect" should be carefully reconsidered. The

polymer backbone does enhance the tendency of low molar mass

compounds toward mesomorphism, but does so by depressing or

even cancelling the ability of low molar mass mesogenic

compounds to crystallize after polymerization. However, this

requires that the monomeric compounds under consideration

exhibit at least virtual or monotropic mesophases. This

assumption is supported by some recent results which showed

that a nonmesogenic disc-like monomer does not induce a liquid

crystalline mesophase after polymerization.2 6  As a

consequence of the antagonism between the kinetic and

thermodynamic effects discussed above, virtual or monotropic

mesophases become enantiotropic upon polymerization.



Nevertheless, we must be aware that this might not be the case

under thermodynamic equilibrium conditions. This last

statement should be carefully considered, particularly when

performing physical measurements which require extended

periods of time within a mesomorphic phase whose thermal

stability range was determined from dynamic experiments.

Figure 6 plots the enthalpy change of the nematic-

isotropic and isotropic-nematic transitions as a function of

molecular weight. Due to the very low enthalpy change of this

transition, the data is quite scattered. The trend however is

unmistakable. The enthalpy change associated with this

transition is molecular weight independent (Table I, Figure

6), although the monomer and dimer model compounds display

lower enthalpy changes than the coresponding oligomers and

polymers. This is probably due to the slight difference in

the structure of their chain ends. This independence of

mesomorphic phase transition enthalpy on molecular weight

differs from that observed in main chain liquid crystalline

polymers, which follows the same trend as that of their

corresponding phase transition temperatures. That is, the

transition enthalpy increases with increasing molecular weight

up to a certain value, above which it remains constant. 2 7 2 9

Lastly, Figure 7 plots the width of the nematic-isotropic

and isotropic-nematic peaks as a function of polymer molecular

weight. It is well documented that this parameter provides

information about the amount of biphasic material (ie.

isotropic and anisotropic) present at this phase transition. 22
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The observed trend is again very clear. This parameter is

almost constant; it decreases with decreasing molecular weight

only over the range of molecular weights where the phase

transition temperatures are molecular weight dependent. This

trend is reversed in the case of main chain liquid crystalline

polymers as a result of the higher concentration of chain

ends at low degrees of polymerization. 2 7  However, the peak

width of a series of smectic polysiloxanes clearly increased

with decreasing degrees of polymerization. This reversed

result was explained by the high immiscibility of the backbone

and side groups which decreases with decreasing degree of

polymerization.7

Finally, we will comment on the influence of molecular

weight on the dynamics of mesophase formation as observed by

optical polarized microscopy. Figure 8A, B and C presents

several representative optical polarized micrographs as

obtained upon cooling the isotropic polymer into the nematic

mesophase and annealing within the nematic mesophase for 5

minutes. The number of inversion lines exhibited by the

nematic texture increases with increasing polymer molecular

weight. However, upon extended annealing at the same

temperature, the number of inversion lines displayed by the

high molecular weight polymer's nematic texture decreases

(Figure 8C, D, E), leading to a nematic texture which is

similar to that exhibited by the low molecular weight 4-6-PMA

after only a short annealing period (Figure 8A, D, E). The

coarsening of this nematic phase seems to be related to the
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dynamics of disclinations, 3 0 - 3 3  which are therefore strongly

influenced by the molecular weight of the polymer. The higher

the polymer molecular weight is, the more the molecular weight

kinetic effect slows the dynamics of disclinations.

Therefore, the rate of decrease of t'e number of disclinations

per unit volume is very high for low molecular weight

polymers, and decreases drastically with increasing polymer

molecular weight. This behavior must be carefully considered

when studying the physical properties of polymers since the

number of disclinations per unit volume dictates the size of

the nematic "domain."

Before summarizing, it is instructive to discuss the

influence of heating and cooling rates on the determination of

phase transition temperatures and the corresponding enthalpy

changes. Determination of both thermal transition

temperatures 3 4 ,3 5 and enthalpy changes 3 6 by extrapolation to

zero heating rate provides true values, eliminating the

thermal lag of the DSC cell. 3 4 '3 7 This effect is particularly

important in determination of crystalline meltings since

different heating rates provide different crystal sizes during

the reorganization of the polymer crystals. 34' 3 7 '3 8 However ,

for kinetically controlled phase transitions such as melting

and crystallization, extrapolation to zero heating rate does

not provide data which correspond to the thermodynamic

38
equilibrium. This requires careful and extensive annealing

and extrapolation to both infinite annealing time and infinite

molecular weight.3 2 ,3 8 The time scale of extrapolation to
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zero heating rate is too short t) approach equilibrium.

Nevertheless, since liquid crystalline transitions are mostly

thermodynamically controlled, data obtained by extrapolation

to zero heating rate are more comparable to thermodynamic

equilibrium values.
3 6

We have characterized several representative polymers

with different molecular weights at different heating and

cooling rates to determine the effect of extrapolation to zero

rate on the various phase transitions and enthalpy changes

discussed in this paper. The DSC instrument was calibrated

with indium for each scanning rate. Figure 9 presents the

extrapolation of the nematic-isotropic and isotropic-nematic

transition temperatures for the 4-6-PMA with Wn = 27100, 3600

and 2260. Within instrumental error, the nematic-isotropic

and isotropic-nematic transition temperatures extrapolated to

zero heating and cooling rates are equal. In all cases, the

difference between Tni determined with 20 0C/min and the value

obtained by extrapolation to zero heating rate is about 1 0 C.

This temperature difference is larger on the cooling scan.

However, the most important conclusion derived from Figure 9

is that the slopes of the transition temperature - scanning

rate plots from either heating or cooling determinations are

constant and independent of the molecular weight of the

polymer sample. Therefore, the trend in transition

temperatures plotted in Figures 4 and 5 will not change by

extrapolating the data to zero heating and cooling rates.
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Plotting the width of the mesomorphic phase transitions

and the corresponding enthalphy changes as a function of

scanning rate led to the same conclusion. That is, while the

extrapolated enthalpic data is certainly more correct, the

width of the phase transitions and the corresponding enthalpy

changes as a function of polymer molecular weight maintain

trends similar to that obtained from measurements at 20°C/min.

Therefore, data from thermodynamically controlled transitions

may approximate equilibrium values when they are obtained by

extrapolation to zero heating rate. 3 6  In contrast, although

more accurate, extrapolation to zero heating rate of

kinetically controlled transitions still provides

nonequilibrium data.

In conclusion, these combined thermal and optical results

have demonstrated that the influence of polymer molecular

weight on phase transitions represents a very delicate

relationship between both thermodynamic and kinetic

influences. At the present time, we believe that the

influence of molecular weight on phase transitions is more

complicated for rigid polymer backbones than for flexible

backbones, possibly because low and high molecular weight

polymers with rigid backbones have highly different chain

flexibilities. This results in a kinetic effect similar to

that derived from the influence of different polymer backbones

having identical mesogenic units and flexible spacers and

similar molecular weight on phase transitions. 1 2 ,1 6 1 8  That

is, depending on the flexibility of the polymer backbone as



23

dictated by either the inherent nature of the polymer backbone

and/or its molecular weight, a certain mesophase may manifest

itself as enantiotropic, monotropic or virtual.

With inherently flexible polymer backbones such as

polysiloxanes, backbone flexibility changes as a function of

molecular weight only over the range of very low molecular

weights. Therefore, varying the molecular weight has little

influence on the nature and number of mesophases exhibited by

polymers with very flexible backbones, except when comparing

at the level of monomer, dimer and trimer. 4 ,7

Nevertheless, several questions concerning the

relationship of molecular weight and liquid crystalline phase

behavior have been answered and some previously obtained

conclusions reconfirmed. For the polymer system on which the

present study is based, when a certain mesophase is observed

over the entire range of molecular weights, its thermal

transition temperature increases with increasing degrees of

polymerization up to DP = 10-12, and is thereafter essentially

molecular weight independent. In contrast, the enthalpy

change associated with liquid crystalline phase transitions is

molecular weight independent. The dynamics of mesophase

formation, including the rate of decrease of the number of

disclinations per unit volume and the rate of increase of the

size of the nematic "domain" is strongly molecular weigh.t

dependent. Both rates decrease with increasing polymer

molecular weight.
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FIGURE AND SCHEME CAPTIONS

Figure 1: Normalized DSC traces of: A) monomeric unit model (M), first

heating scan; B) monomeric unit model (M), first cooling scan;

C) dimeric unit model (D), first heating scan; D) dimeric unit

model (D), first cooling scan.

Figure 2: Normalized DSC traces of: A) 4-6-PMA with Mn = 980, first

heating scan; B) 4-6-PMA with Mn = 980, second and subsequent

heating scans; C) 4-6-PMA with Mn 980, first and subsequent

cooling scans; D) 4-6- PMA with Mn = 2270, first heating scan;

E) 4-6-PMA with Mn - 2270, second and subsequent heating scans;

F) 4-6-PMA with Mn = 2270, first and subsequent heating scans.

Figure 3: Normalized DSC traces of: A) 4-6-PMA with An = 3600, second and

subsequent heating scans; B) 4-6-PMA, Rn - 3600, first heating

scan after sample A was annealed at room temperature for 60

days; C) 4-6-PMA with Rn - 3600, first and subsequent cooling

scans; D) 4-6-PMA, Mn - 27180, second and subsequent heating

scans; E) 4-6-PMA, first and subsequent cooling scans.

Figure 4: The dependence between:Q, glass transition temperature; ,

smectic-nematic transition temperature;< , nematic-isotropic

transition temperature; and A , melting temperature of 4-6-PMA

and their number average molecular weight.
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Figure 5: The !Lependence between: , isotropic-nematic transition tem-

perature;A , crystallization temperature; * , nematic-smectic

transition temperature; and*, glass transition temperature of

4-6-PMA and their number average molecular weight.

Figure 6: The dependence between the enthalpy of nematic-isotropic(O) and

of isotropic-nematic (@} phase transitions and the number aver-

age molecular weight of 4-6-PMA.

Figure 7: The dependence between the breadth of nematic-isotropic (0) and

isotropic-nematic (0) transition peaks and the number average

molecular weight of 4-6-PMA.

Figure 8: Representative optical polarization micrographs (100 X) of the

nematic texture exhibited by 4-6-PMA with different molecular

weights obtained upon cooling from the isotropic phase with

100C/min and annealed for different periods of time:

A) Mn - 6760, after 5 min at 103°C;

B) Mn - 11630, after 5 min at 109°C;

C) Mn - 27180, after 5 min at 1040C;

D) Mn - 27180, after 3 hr at 1040C;

E) Mn - 27180, after 18 hr at 104 0C.

Figure 9: Extrapolation of Tni and Tin to zero scanning rate

for 4-6-PMA (0: Tni, i : Tin' Mn-27100; &: Tni ,

A : Tin, n3600; 0: Ti, U: T Mnm2260).

Scheme 1: Synthesis of monomeric (M) and dimeric (D) model compounds of

4-6-PA.

Scheme 2: Synthesis of 4-6-PMA.
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